Dyes are released into the environment in industrial effluents from two major sources, the textile and the dyestuff industries (12, 13) . A necessary criterion for the use of these dyes is that they must be highly stable in light and during washing. They must also be resistant to microbial attack. Therefore, they are not readily degradable and are typically not removed from water by conventional wastewater treatment systems (1, 16) . While most dyes are not particularly toxic (2, 12) , they are considered to be a pollution problem.
Azo dyes are the largest class of dyes with the greatest variety of colors (1, 9, 12) . They also exhibit great structural variety, so, as a group, they are not uniformly susceptible to microbial attack (12) . Azo dyes are not typically degraded under aerobic conditions (1, 14, 15, 20) ; however, under anaerobic conditions, the azo linkage can be reduced to form aromatic amines which are colorless but which can be toxic and carcinogenic (12, 20) .
The lignin-degrading system of the white rot fungus, Phanerochaete chrysosporium, is able to degrade a wide range of structurally diverse organic pollutants (3) . Although azo dyes are generally considered to be nonbiodegradable under aerobic conditions, we hypothesized that the nonspecific nature of the lignin-degrading system could reasonably be expected to be effective in degrading these dyes.
In this report, we demonstrate the aerobic biodegradation of three azo dyes, Tropaeolin 0, Congo Red, and Orange II, and one heterocyclic dye, Azure B (see Fig. 1 (10) . The cultures were grown in air during the first 3 days of incubation and were then gently flushed with 02 on day 3 and every 3 days thereafter.
Biodegradation. Nutrient nitrogen-limited and nitrogensufficient cultures of P. chrysosporium were allowed to grow for 6 days as described above. On day 6, one of the dyes was added to each culture. All ) in air for 6 days. The extracellular fluid was separated from the mycelia by filtration through glass wool and was concentrated about 10-fold by using a Minitan concentrator (Millipore Corp., Bedford, Mass.) with a molecular exclusion limit of 10,000. The concentrate was frozen overnight, thawed, and centrifuged (10,000 x g for 15 min) to remove mucilaginous material. The fluid was further concentrated by using an Amicon concentrator (Amicon Corp., Lexington, Mass.) with a molecular exclusion limit of 10,000 and was then dialyzed overnight against 10 mM sodium acetate (pH 6.0). This material is subsequently referred to as crude lignin peroxidase. Individual isozymes were isolated by fast protein liquid chromatography on a Mono Q HR 10/10 column (Pharmacia, Uppsala, Sweden) as previously described (4, 19) . Peak fractions were collected, and purity was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and nondenaturing isoelectric focusing. Enzyme assays. Lignin peroxidase activity was determined by the method of Tien and Kirk (18) . One unit of enzyme activity oxidized 1 ,umol of veratryl alcohol in 1 min at room temperature. Dye oxidation was monitored by scanning from 700 to 200 nm and calculating the change in absorbance at the visible wavelength maximum of each dye. The reaction mixture consisted of 32 ,uM dye, 20 ,ug of crude lignin peroxidase (concentrated extracellular fluid), and 200 ,uM H202 in 50 mM sodium tartrate (pH 4.5) in a total volume of 1 ml. The reaction was initiated by the addition of H202 and scanned at 1, 4, 7, 10, and 20 min after initiation. Metabolite formation after incubation with crude lignin peroxidase was examined by TLC as described above. Azure B and the azo dyes were incubated for 4 and 20 min, respectively, in the above reaction mixture prior to the addition of methanol and subsequent rotary evaporation and TLC.
RESULTS
Dye decolorization by cultures of P. chrysosporium. Extensive biodegradation of all four dyes by cultures of P. chrysosporium was demonstrated, as evidenced by the decrease in absorbance of the culture medium (Table 1) . In all cases, most of the color loss occurred within the first 6 h. Within 24 h, over 90% of the initial color from all four dyes had disappeared from the culture medium of the nitrogenlimited cultures (i.e., the ligninolytic cultures). With continued incubation for a total of 48 h, the absorbance decreased to undetectable levels for Azure B. Orange II incubated with On day 6, when the dyes were added to the cultures, the pH was found to be 4.2 + 0.1 for nitrogen-limited cultures and 3.7 + 0.1 for nitrogen-sufficient cultures. On day 12, when the incubations were terminated, the pHs of the nitrogen-limited and nitrogen-sufficient cultures were found to be 4.2 + 0.1 and 3.9 + 0.1, respectively.
To ensure that decolorization was not simply a function of pH change, the effect of pH on the visible absorption was assayed between pH 3.5 and 5.0 in 20 mM sodium dimethylsuccinate buffer. The visible absorption spectra of Tropaeolin 0 and Orange II were unaffected by pH over this pH range. The A647 of Azure B increased by 15% as the pH was decreased from 5.0 to 3.5, and the A506 of Congo Red decreased by 50% as the pH was decreased from 5 to 3.5. It should be mentioned that over this pH range, the absorbance maximum of Congo Red shifted from 492 nm (pH 5.0) to 566 nm (pH 3.5). For Congo Red, disappearance in culture was monitored at 506 nm as a matter of convenience, since the small changes in culture pH that were measured in these experiments had a minimal effect on absorbance at this wavelength. No pH change was observed during the time the dyes were incubated with nitrogen-limited cultures, and a small increase of only 0.2 pH unit was observed when dyes were incubated with nitrogen-sufficient cultures. Thus, these controls confirm that decolorization cannot be due to a pH change.
In a parallel experiment, cultures grown from the same spore suspension and in the same medium were assayed daily for lignin peroxidase activity (Fig. 2) . Lignin peroxidase activity, measured in terms of veratryl alcohol oxidation, was first observed on day 4 in the nitrogen-limited cultures and peaked on day 6 at 137 U/liter. These cultures remained ligninolytic at least through day 12. The nitrogensufficient cultures showed no lignin peroxidase activity until (Fig. 3) . In addition to the decrease in absorbance, Azure B also underwent a hypsochromic shift from 647 to 630 nm after 1 min. Upon continued incubation, the visible absorption spectrum decayed to a nondescript peak having a broad absorbance maximum from 564 to 647 nm. Tropaeolin 0 showed a bathochromic shift in absorbance maximum from 408 to 415 nm. The absorbance of Congo Red did not decrease upon incubation with the crude lignin peroxidase, nor was there a shift in the wavelength of maximum absorbance. Similar results were obtained upon incubation of the dyes with isolated isozymes, Hi, H2, H8, and H10, of lignin peroxidase (data not shown).
As a control for the possibility that the decrease in absorbance was due to a nonbiological oxidation rather than Much of the initial, rapid loss of dye from the culture fluid VOL. 56, 1990 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from appears to be due primarily to adsorption to the mycelia. An initial sorption phase ranging from 8 to 24 h has been described for azo and triphenylmethane dyes in bacterial systems (13, 14) . In waste treatment systems, the elimination of colored effluents is not typically based on biodegradation but rather on physical and chemical processes such as adsorption, concentration, chemical transformation, and incineration (12) . We have shown that biodegradation and adsorption to the fungal mycelia are both important processes in removing dyes from the incubation media of P. chrysosporium. Commercial development and applications by using this fungus for dye wastewater treatment will be able to take advantage of both of these dye removal processes.
